This paper presents a feasibility study for a novel positioning-communication integrated signal called Multi-Scale Non-Orthogonal Multiple Access (MS-NOMA) for 5G positioning. One of the main differences between the MS-NOMA and the traditional positioning signal is MS-NOMA supports configurable powers for different positioning users (P-Users) to obtain better ranging accuracy and signal coverage. Our major contributions are: Firstly, we present the MS-NOMA signal and analyze the Bit Error Rate (BER) and ranging accuracy by deriving their simple expressions. The results
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Signals for communication with OFDM symbols.
Signals for positioning with pseudorandom symbols. represents the total bandwidth. The reasons for distinguishing different P-Users are:
1) Unlike communication system, it usually needs more than three gNBs to calculate the P-User's position. As the P-Users are located at different locations, the powers of the positioning signals from far gNBs must be high enough in order to be correctly recognized.
Meanwhile, the powers of the positioning signals from near gNBs should be low enough to avoid the near-far effect. So different powers for different P-Users are necessary.
2) The superposed positioning signal interferes the communication signal like inter-user interference occurred in the normal NOMA as well [21] , [22] . To reduce this interference, the power of the positioning signal must be limited under a certain threshold to satisfy the QoS (Quality of Services) requirement of communication. While for P-Users, higher powers are needed for more accurate range measuring [23] . Therefore, the gNBs could transmit positioning signals with different powers for different P-Users to meet the requirements of both C-Users and P-Users.
Although the aforementioned problems may be mitigated by varying the bandwidths of the positioning signals as well, it will bring some other problems and make the whole system more complicated. In this paper, we discuss the scenario that the bandwidths of all P-Users are identical and fixed. Then, to acquire the highest positioning accuracy over the whole network with the hearability and QoS requirements, the powers of different P-Users must be allocated carefully.
In a conventional OFDM system, it is proved that water-filling over the sub-carriers is the optimal power allocation strategy [24] , [25] . However, it does not consider the interferences between different types of users. In [26] , where the second user transmit over spectrum holes left in the primary system, an optimal power allocation strategy is proposed. They maximize the down-link capacity of the second user by remaining the interference introduced to the primary user within a tolerable range. In the NOMA system, the power allocation is mostly investigated for signal demodulation and relay transmission [27] , [28] . But these algorithms can not be used in our problem that has different models which is more complicated.
To the best of our knowledge, there are few studies about the power allocation in positioning systems which makes our study very challenging. A preliminary part of this study was presented in a letter paper [23] . In this journal version, as compared to [23] , we carry out detailed design and conduct more in-depth mathematical performance analysis. The main contributions of this To ensure the P-Users receiving more than one gNB's signal, the powers of the positioning signals should be strong enough. Then, this strong positioning signal may interfere the neighbor C-Users. To examine these interferences, let us define h kn c and h km p as the instantaneous channel gains between gNB k and C-User kn/P-User m, respectively. Notice that the communication/positioning signal broadcast from gNB k to the C-User k n/P-User m will received by the P-User m/C-User kn as well, we use h m←k n c and h kn←k m p to represent these two instantaneous channel gains, respectively.
Without any loss of generality, we assume: 1) Each spreading sequence for different P-Users is independent; 2) The powers for all C-Users are identical and the powers for all P-Users are to be allocated; and 3) The channel states are available through a delay-and error-free feedback channel which are known by the gNBs.
What we concern is the horizontal positioning accuracy 1 . If the gNBs are perfectly synchronized, the P-Users will use time-based algorithm to fix their locations. Then, the horizontal positioning accuracy of P-User m can be expressed as
where λ km and σ km ρ are given in Appendix A.
III. FEATURES OF MS-NOMA SIGNAL

A. Interference of the Positioning Signal to Communication One
For evaluating the interference of the positioning signal to communication one, we assume the inter-cell interference between the communication signals could be ideally eliminated. Then, the BER of C-User kn is [30] BER kn = Γerfc γ h kn 
where T p is the period of the positioning symbol.
B. Ranging Accuracy of MS-NOMA Signal
The receiver could use a Delay Locked Loop (DLL) to track the positioning signal. Taking the coherent early-late discriminator for example [31] , the tracking/ranging error of the positioning signal km can be written as
where a is determined by the loop parameters. B 0 is the central frequency of MS-NOMA signal.
B f e is the double-sided front-end bandwidth. D is the early-late spacing of DLL. G m s (f ) is the PSD of the communication signals received by P-User m which satisfies
where
is the PSD of the positioning signals from other gNBs which satisfies
By taking (5), (7)-(8) into (6) and using some approximations, (6) can be simplified to
where (C/N 0 ) km , (CP R) km←k and (P P R) km←k m can be found in Appendix B. The first item in (9) is caused by the noise, the second one is caused by the communication signals from all gNBs, and the third one is caused by the other gNBs' positioning signals.
We define the ranging-factor σ km 
Then, by taking (2) to (11) and rearranging items, we have
where I kn th is defined as the interference threshold of C-User kn which is determined by the QoS requirement Ξ th .
2) The Total Power Limitation: The total transmit power is often limited. In MS-NOMA signal, we have
where P k T is the total transmit power of gNB k. Let's define the positioning power budget of gNB k as P k th = P k T − N P c , then we have
3) The Elimination of Near-far Effect: To guarantee P-Users receive as many positioning signals as possible, the powers of the received positioning signals from different gNBs must
where Ω is the positioning signal's auto-correlation to cross-correlation ratio which is determined by the pseudorandom code and its length. is determined by the receiver's performance which is usually larger than 1. For a particular positioning signal km, if the strongest cross-correlation satisfies (15), all k s in (15) will be satisfied. So (15) can be rewritten as
where k k m represents the index of the strongest signal received by the P-User km except the positioning signal km.
B. The Proposed Joint Power Allocation Model
Our goal is to obtain a best positioning performance for all P-Users in terms of both coverage and accuracy under QoS requirement and total transmit power budget. So, the average horizontal positioning accuracy 2 for all P-Users in the network is minimized by finding the power values P km p , ∀m ∈ M, ∀k ∈ K under the given constraints. We use the fact that maximization of negative value of a convex function is equivalent to its minimization. Mathematically, the power allocation problem can be formulated as a convex optimization problem as follows
OP1 can be solved by the Lagrange duality method [32] . Then the Lagrangian of OP1 can be written as
where µ, ν and β are the matrices of dual variables associated with the corresponding constraints given in (12), (14) and (15) 
The Lagrange dual function of OP1 is then given by
The dual optimization problem can be formulated as
Obviously, L P km p , µ, ν, β is linear in µ, ν, β for fixed P km p , and g (µ, ν, β) is the maximum of linear functions. Thus, the dual optimization problem is always convex. In the following, the dual decomposition method introduced in [33] is employed to solve this problem. For this purpose, we introduce a transformation n∈N = m∈M n∈Nm to decompose the Lagrange
Then we have
From (31), it is clear that we can decompose the Lagrange dual function g k (µ, ν, β) to M independent sub-problems by giving ν k . Each of the sub-problems is given by
The Lagrangian of OP2 is
whereμ kn andβ km are the non-negative dual variables for constraints (33) and (34), respectively.
The Lagrange dual function of OP2 is given bỹ
The dual problem is then expressed as
The optimal power allocation solutionP km p of OP2 can be obtained by using the Karush-Kuhn-Tucker (KKT) conditions as (40) shows.
where J kn←m can be found in Appendix C.
C. Remarks
From (40), it is observed that the optimal power allocation solution is determined by the geometric-dilution, ranging-factor and constraint-scale. It is necessary to have a clear understanding of these factors that affect the allocated power.
The geometric-dilution λ km associates with the relative positions between the P-User and all gNBs. This means the power allocation procedure does not only minimize the ranging accuracy, but also considers the geometric distribution which affects the positioning accuracy as well.
The ranging-factor σ km ρ reflects the ranging ability of P-User as (10) The constraint-scale reflects the impact of the constraints:
µ kn is the dual variable associated with the BER threshold of C-User kn. If C-User kn can accommodate a higher BER,μ kn will be smaller, and thus result in a higher constraint-scale, and vice versa. In the extreme case that C-User kn cannot accommodate any additional interference, µ kn will be infinity, and thus the constraint-scale will be zero, which indicates that the positioning signal over C-User kn's band is not permitted. On the contrary, if C-User kn has no requirement on the BER,μ kn will be zero, and thus the power-scale will be only determined by the other constraints. 15)) on the constraint-scale. There will be a higherβ km with a smaller . Namely, if the receiver has a better anti-cross-correlation performance, there will be a higher ranging accuracy and better coverage, vice versa.
D. The Positioning-Communication Joint Power Allocation Scheme
The remaining task for solving OP1 is to obtain the optimal dual variables, which are the same in both OP1 and OP2. Applying the solution to OP2, we can obtain the optimal power allocationP km p in OP1. However, it is difficult to solve OP2 directly because we cannot obtain the closed-form expression for dual variables. The Lagrange dual function (29) is made up of K independent sub-problems. For each sub-problem, it is observed that ν k is the same for all P-Users. µ kn and β km are different for C-Users and P-Users, respectively. Then, we can solve the optimization problem using hierarchical algorithm by updating the values of the dual variables {µ, ν, β} via subgradient methods, which guarantees the gradient-type algorithm to converge to the optimal solution [34] . Next, ν k is updated by its subgradient, which is given byν k = P k th − m∈M P km p . Finally,P p = P km p , ∀k ∈ K, ∀m ∈ M is the optimal solution obtained at ν k under the given µ kn and β km . Proof: Please see the Appendix D.
Using the above gradient, we can obtain the optimal power allocation by iterative Lagrangian multiplier {µ, ν, β}. Notice that the positions and powers of P-Users are unknown which are necessary for calculating the geometric-dilution λ km and the ranging factor σ km ρ , respectively. We can minimize the ranging error for all positioning users without considering the impact of the geometric-dilution and the impact of multiple access at the first iteration. Then, we can get approximate positions and initial allocated powers. After several iterations, the positions and the powers will be converge to the optimal values. The algorithm to solve OP1 can be summarized as Algorithm 1 shows. Where t and t are the iteration numbers. iterN is the maximum iteration amount. b 1 , b 2 and b 3 are the update step sizes. ε > 0 is a given small constant. Update ν k t+1 by its subgradient:
if |ν k t+1 − ν k t | ≤ ε then 16: break 17: end if 18: end for 19: returnP p = P km p , ∀k ∈ K, ∀m ∈ M
V. THE PERFORMANCE EVALUATION
In this section, we evaluate the communication and ranging performances of the proposed MS-NOMA signal under a single cell network firstly. Then, we examine the positioning performance in a 4-gNBs cell by considering the impact of all factors comprehensively. In the single cell scenario, the impact of the cross-correlation will be vanished and the channel gains of the communication and positioning signals will be seen as equal. Then, (2) and (9) become
Notice that (41) where B L is the code loop noise bandwidth and T coh is the predetection integration time.
A. Communication Performance
We firstly examine the interference of the positioning signal to the C-Users. Fig. 3a shows the average BERs over the whole bandwidth when P m p = P p , ∀m ∈ M. It is clear that the average BERs decrease with the increasing of E b /N 0 as well as C/N 0 (E b = P c T c is the energy of the communication symbol). Notice that the BER curves with small CPR will tend to be flat when E b /N 0 becomes larger. This is because the interference caused by the positioning signal dominates the BER performance rather than the environment noise (i.e. I n is much larger than 2N 0 ). When the positioning signal becomes weaker (CPR becomes larger), the BER curves will become flat with larger E b /N 0 and they will become closer to the one that only exists noise (CPR = ∞). varies from 32 to 52dB·Hz (i.e. 10dB<CPR<30dB) with 20MHz bandwidth, the measurement accuracy of PRS is fixed at 9.29m and the accuracy of MS-NOMA is the same as Fig. 4 shows.
Then, the measurement error will decreases when the power of the positioning signal increases.
Although stronger positioning power will have higher measurement accuracy, the maximum power of the positioning signals will be limited by the QoS of communication as Fig. 3 shows.
So, P m p s must be allocated carefully to acquire the best ranging performance under the QoS constraint. In the real application, both of the communication and positioning interferences from other gNBs, must be considered which will be evaluated next subsection. Fig. 4 also confirms that the approximations of σ ρ (see (42)) correspond to the exact one (see The 3rd P-User in Fig.8 The 2nd P-User in Fig.8 (a) The proposed PCJPA algorithm obtain a lower positioning error bound. On the other hand, the curve with a smaller bandwidth converges slowly. It is because the power of the positioning signal with a small bandwidth will concentrated in a narrower range. Consequently, there will be more powers of P-Users leak to the neighbor C-Users as (3) and (4) show which leads to more interferences. Fig. 7b shows that the average positioning error decreases with the increasing of the power budget. Similar to Fig. 7a , the curves tend to constant values when the power budget increases as well. This means the QoS constraint becomes dominant and the average positioning errors do not decrease although the total power increases. If we have a strict QoS constraint (smaller Ξ th ), the positioning error bound will be higher. Fig. 8 illustrates the relationship between the allocated powers and the channel gains of the P-Users by examining one simulation. It shows that the worse channel states tend to allocate stronger positioning signals. This is exactly what we expected that the P-Users with worse channel states need stronger powers to obtain an accurate ranging. However, notice that there is a power disparity between the 2 ed and 3 rd P-Users whose channel gains are similar. This is because the geometric-dilution λ in (1) also affects the positioning accuracy which is considered by the power allocation process. This can be observed in Fig. 5a as well: The location of the 2 ed P-User (coordinate: (178, 8) ) is at the edge of the area compared to the center location of the 3 rd P-User (coordinate: (79, 77) ), so the former one has a stronger allocated power. · · · · · · · · · · · · 0 0 · · · σ km 
